The present work aims to understand the mechanism and rate of iron oxide formation in molten mould flux initially having no iron oxide to discuss how to keep the mild cooling performance of the flux. The concentration change of iron oxides in mould fluxes was measured at 1 891 K as a function of time in variations of three physico-chemical conditions: (i) oxygen partial pressures in atmospheres (air and argon), (ii) SiO2 activities in mould fluxes and (iii) oxygen concentrations in molten irons, the last being provided by Al-killed and non-killed operations on electrolytic iron samples. The following findings have been obtained: (i) iron oxide concentrations increase with holding time and reach ca 3.5 mass% within 1.8 ks, independently of atmospheres, (ii) higher SiO2 activity leads to higher viscosity of mould flux and lower iron oxide concentrations and (iii) iron oxide concentrations decrease to ca 0.5 mass% due to lower oxygen concentrations in molten Al-killed iron. Thus, the following mechanism has been proposed: oxygen dissolved in molten iron is primarily oxygen source and reacts with iron to form iron oxides at the metal/flux interface, which oxides diffuse into molten flux phase. A kinetic discussion has given the total reaction rate constant as k = 7.5 × 10 -6 cm·s -1 and suggested that the rate be dominated by iron oxide transfer through the boundary layer. To suppress iron oxide formation, additions of reducing agents would be more efficient than controls of oxygen partial pressures.
Introduction
Mould flux film plays very important roles in continuous casting of steel, primarily in the respects such as lubrication and heat transfer control. [1] [2] [3] Heat extraction must be strictly controlled, particularly during high speed continuous casting of peritectic carbon steels, because too fast cooling may bring about longitudinal cracking on the steel surface. This sort of cracking stems from transformation and uneven solidification of steel shells, 4, 5) which can be prevented by mild cooling of steel shells. Mild cooling is currently attained by crystallisation of mould flux film, and understanding of this mechanism is a key factor to consider further mild cooling.
The mechanisms of mild cooling proposed so far include (i) conductive heat transfer reduction due to enlargement of the air gap layer between the mould flux film and the mould [5] [6] [7] and (ii) radiative heat transfer reduction due to increase in the reflectivity of mould fluxes. 5, 8) Three of the present authors have investigated optical properties of mould fluxes from the latter viewpoint and suggested in the previous report that iron oxide free mould flux is more effective for further mild cooling due to their higher reflectivities and lower transmissivities. 9) However, even if iron oxide free mould flux is used in practical operations, iron oxides would be formed due to oxidation of molten steel and would be picked up by the molten flux, which might degrade the performance of the flux. To keep its performance as expected, it is very important to know the mechanism by which and the rate at which molten mould flux picks up iron oxides to consider how to prevent or minimise the pick-up. Very few studies have been made about oxidation behaviour of liquid iron covered with molten flux or slag. Seshadri and Schwerdtfeger have thermogravimetrically measured the oxidation rate of liquid iron covered with lime-saturated CaCO 3 -Al 2 O 3 -FeO n slag in lime crucibles at 1 873 K under partial pressures of oxygen ranging from 10 -6.7 to 1 atm. 10) They have found that the rate of oxidation increases with increasing iron oxide concentration in the slag and with increasing partial pressure of oxygen, and have derived an average diffusivity value of divalent and trivalent iron ions as 1.6 × 10 -4 cm 2 /s assuming that the oxidation rate is controlled by the counter-diffusion of the ions in the slag. However, the oxidation mechanism has not been completely clarified including the rate-controlling step and the oxygen source contributing to the oxidation. In addition, there is no report on oxidation of molten iron covered with practical mould fluxes applied to continuous casting as well as iron oxide free flux. Figure 1 shows a kinetic model provisionally built to © 2013 ISIJ illustrate the oxidation process of molten iron covered with mould flux. The model consists of five successive elementary steps: (i) oxygen diffusion across the flux bulk, (ii) oxygen diffusion across the boundary layer, (iii) interfacial reaction between oxygen and iron to form FeOn, (iv) FeOn diffusion across the boundary layer and (v) FeO n diffusion across the flux bulk. Kinetic analysis should be made on FeO n concentration in the flux as a function of reaction time to know which step determines the overall oxidation rate. In addition, the model above takes into account only oxygen in the atmosphere as oxygen source contributing to the oxidation reaction; however, there are other possibilities for oxygen source such as oxygen of silica being a common component of molten flux and oxygen dissolved in molten iron. Thus, to clarify the dominant oxygen source, FeO n concentration changes should be measured under different activities of silica in flux and oxygen in iron. Consequently, this study aims to elucidate the oxidation mechanism of molten iron covered with iron oxide free mould fluxes and to clarify the rate controlling process by measuring the concentration changes of iron oxides in mould fluxes under three experimental conditions: (i) different partial pressures of oxygen in atmospheres, (ii) different activities of silica in mould flux and (iii) different oxygen concentrations in molten iron. Furthermore, a suggestion is made to suppress iron oxide pick-up by molten mould flux.
Experimental
Samples of mould fluxes were prepared from reagent grade CaO, CaF 2 , SiO 2 , Na 2 CO 3 , Al 2 O 3 and MgO powders, CaO being produced by thermal decomposition of CaCO 3 in air at 1 323 K. Table 1 lists the initial nominal compositions of all flux samples referred to as Flux A to Flux E. After sufficient mixing, a certain amount of flux powders was premelted in a platinum crucible at 1 673 K for 300 s, and rapidly poured onto a brass plate to obtain a bulk of flux with better homogeneity. Figure 2 shows a schematic view of the experimental apparatus. Experiments under three different conditions were commonly conducted in the following steps. After melting, about 20 g of metallic iron was homogeneously melted in an alumina crucible (150 mm × φ 24 mm) placed in a magnesia holder at 1 891 K in Ar-3% H 2 gas mixture in a vertical electric furnace. About 10 g of flux was placed onto the iron melt so as to cover its whole surface, and just then the atmosphere was switched to a desired gas. After intended reaction time, the crucible was taken out from the furnace and cooled by argon flushing. Table 2 summarises respective experimental conditions of Exps. 1-3. In Exp. 1, Ar and air were used as ambient gases: the respective partial pressures of oxygen are about 1.0 × 10 -4 and 0.21 atm. Flux A reacted with electrolytic iron having 99.99 mass% purity in Ar or air for 0 to 1.8 ks. In Exp. 2, Fluxes B-E were used having the contrastive compositions from the viewpoint of SiO2 activity. The compositions of these fluxes were designed so that the physical properties such as melting point and viscosity were close to those of Flux A. Each flux reacted with electrolytic iron in Ar for 0.6 ks. In Exp. 3, Al-killed iron was produced by addition of metallic aluminium to clarify the influence of oxygen concentration, i.e. oxygen activity in molten iron. Metallic aluminium in a shape of grain was added into iron melt in an alumina crucible at 1 891 K. After 0.3 ks, pre-melted Flux A was subsequently placed onto the molten Al-killed iron at the same temperature for reactions in Ar for 0 to 1.2 ks. Each sample after the experiment was cut to obtain a cross section perpendicular to the interface between mould flux and metal. The concentrations of iron oxides in the flux were determined by XRF. The compositions and surface morphology in iron phase were analysed by SEM, while the oxygen concentrations by inert gas fusion-infrared absorptiometry.
Results and Discussion
Figure 3(a) shows pre-melted Flux A being transparent before experiments; Fig. 3(b) shows cross section of a sample in Exp. 1 including flux in a colour changing to blue, which is a common colour of flux after experiments. The blue colour of flux stems from strong spectral absorption caused by Fe 2+ ion at wavelengths around 1 000 nm 9) and indicates that Fe 2+ rather than Fe 3+ is the predominant form of iron ion in the present reaction system. Thus, FeO is assumed to be the only form for iron oxide in this study.
XRF was applied to confirm the uniformity of FeO concentration in the flux sample. Figure 4 shows the FeO concentration distribution in Exp. 1 (Flux A, 15 min, air) as a typical flux sample. There is no significant FeO concentration change depending on the position in the bulk of mould flux, which suggests that strong convection occurred in the mould flux. Thus, the average FeO concentration is focused on in the present work. (2) where, is the molar numbers of O2, P is the permeability of oxygen across the flux layer, A is the interfacial area, d is the thickness of the flux layer, and t is the holding time. The values of P have been derived to be 2.9 × 10 -7 and 1.4 × 10 -10 mol O2·cm -1 ·s -1 , respectively, for oxygen supplied by air and Ar, based on Sasabe and Kinoshita's study. 11) For the present case, average values of A and d have been estimated to be 3.9 cm 2 and 0.7 cm, respectively, according to the geometry of the sub-ellipsoidal iron and mould flux covering in samples after cooling. Consequently, the FeO concentrations in a sample held for 1.8 ks are estimated to be 4.0 and 1.9 × 10 -3 mass% in air and Ar, respectively, showing a strong dependence on the oxygen partial pressure. In addition, the value in case of Ar is much smaller than the experimental value of 3.1 mass% obtained in this study for Ar. This contradiction indicates that the molten flux layer protects molten iron against the oxidation by ambient gases and that penetration of oxygen through the flux would not contribute and control the overall iron oxide formation rate. On the other hand, additions of SiO2 increase the viscosity of fluxes as it works as a network former, many examples of which have been collected in Ref. 12). Shankar et al. 13) have also pointed out that the viscosity of CaO-SiO2-MgO-Al2O3 slags increases with an increase in SiO2 activity in the range of 0.1 to 0.4 at 1 873 K. An increase in the viscosity causes FeO to slowly diffuse across the boundary layer in the mould flux, which can explain the corresponding decrease in the FeO concentrations. Figure 7 shows the concentration change of FeO with holding time in Exp. 3. For addition of 0.016 g of aluminium, the FeO concentration reaches ca 2.2 mass% at 0.6 ks, which concentration is a little smaller than that in Exp. 1. For addition of 0.207 g of aluminium, on the other hand, the FeO concentration reaches ca 0.5 mass% at 0.6 ks and ca 0.7 mass% even after the holding time of 1.2 ks. FeO formation is obviously suppressed by sufficient additions of aluminium, possibly owing to lower oxygen contents in molten Al-killed iron. 14) Total oxygen concentration was analysed for each sample, which is considered to approximate dissoluble concentration for two reasons: (i) oxide inclusions except Al2O3 are difficult to generate inside iron matrix initially with few alloy elements and (ii) few Al2O3 inclusions were observed in iron phase by SEM. The average concentration decreases with time in each case except for Exp. 1 carried out in Ar atmosphere. More importantly, the initial value of oxygen concentration in electrolytic iron is ca 40 ppm, which is much smaller than other data experimentally obtained. To explain the reason why more oxygen exists in molten iron, the oxygen solubility CO (in at%) of molten iron has been estimated in case of no protection by molten flux layer using Eq. (4). 15) .... (4) where is the oxygen partial pressure in atmosphere (in Pa) and T is the thermodynamic temperature (in K). The oxygen solubility at 1 891 K has been derived as 85.0 at% (61. With aluminium additions, the absorbed oxygen can be removed from molten iron by forming Al2O3, resulting in the decrease in the FeO concentration.
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Rate Controlling Process of FeO Formation
On the basis of consideration on FeO concentration change, the following mechanism has been proposed: (i) reaction between oxygen dissolved in molten iron and iron (6) where V is the volume of mould flux, is the rate of change in FeO molar concentration with time t, is the activity of Fe in molten iron, is the activity of oxygen in molten iron, is the activity of FeO in mould flux, and kf and kr are the forward and backward reaction rate constants, respectively. Where the interfacial reaction has the large driving force, Eq. (6) is simply given by the term including the forward rate constant. 16 ) Equation (7) (7) where C is the integration constant. In Eq. (7), the FeO concentration should be in linear proportion to holding time. This feature is in conflict with the data in Fig. 5 . Thus, the rate controlling step is not the interfacial reaction.
(ii) Mass transfer of FeO in the boundary layer Figure 9 (b) shows corresponding profiles of FeO concentration. The FeO concentration change can be expressed by Eq. (8) based on boundary layer theory, 17, 18) since the concentration in close proximity to the interface reaches equilibrium and the concentration in the flux bulk shows constancy: the concentration gradient appears only in the boundary layer. (9) where CFeO is the average FeO concentration in mould flux, k is the mass transfer coefficient (apparent reaction rate constant), and Eq. (9) is the integrated form of Eq. (8) . Equation (9) shows that the value of logarithmic term for FeO concentration has a linear relation with reaction time and that the FeO concentration is independent of oxygen partial pressure, which seems to agree with the profile of FeO concentration change with holding time in Figure 10 shows the relationship between natural logarithm of FeO concentration difference and time based on Eq. (9). The value of k has been derived as 7.5×10 -6 cm·s -1 from the slope of the linear line. The magnitude of this value seems reasonable for mass transfer control. [20] [21] [22] (iii) FeO diffusion in the flux bulk Figure 9 (c) shows a gradual decrease in FeO concentration across the flux bulk as a solution of Fick's second law. However, the practical FeO concentration in Exp. 1 shown in Fig. 4 does not have any obvious distribution as shown Fig. 9(c) . Hence, the rate of this reaction would not be controlled by FeO diffusion in the flux bulk. As a result, mass transfer of FeO in the boundary layer is considered to be the rate controlling step for Exp. 1, which is supported by the findings by Shinozaki et al. 23) and Shibata et al. 24) 
Proposals for Actual Continuous Casting Process
In actual continuous casting operation, 25 ppm oxygen is expected to exist in de-gassed low carbon steel and is comparable to 40 ppm oxygen in the starting material of iron samples. Thus, the proposed mechanism would be basically applicable to FeO formation in actual case. However, the practical operation involves different conditions, such as downwards flow of molten steel, continuous supplement and consumption of mould flux and reducing agent such as carbon, which may resultantly affect the FeO concentration in mould flux.
The FeO formation mechanism between mould flux and molten Al-killed iron has not been clearly understood, although the profiles of FeO concentration in Fig. 7 roughly show a logarithmic relationship with reaction time. However, even if Al-killed iron is used, the concentration of FeO formed would reach ca 0.7 mass% in mould flux within 1.2 ks, which is comparable to the shortest dwelling time of mould flux to cast every 80 tons of molten steel in practical operation. [25] [26] [27] [28] Thus, addition of reducing agents into mould flux is considered an efficient solution to suppress FeO formation. To further confirm this, more investigations are required using reducing agents such as Al and Ca-Si alloys.
Conclusions
The concentration change of iron oxides was measured in mould fluxes covering molten iron at 1 891 K.
• FeO concentration increases with the reaction time and exceeds 3 mass% at 1.8 ks, regardless of ambient gases and silica activities in the reactions between mould flux and molten iron.
• FeO concentration only reaches ca 0.7 mass% within 1.2 ks in the mould flux reacting with molten Al-killed iron.
• Molten iron possibly picks up oxygen from ambient gas at high temperature before being covered with fluxes, which oxygen may be removed by additions of aluminium to form Al2O3.
• Molten iron is primarily oxidised by the oxygen dissolved in molten iron at the metal/flux interface to form FeO, which diffuses into molten flux phase with a rate controlling step of FeO mass transfer in the boundary layer.
• The rate constant of the overall reaction of FeO formation between mould flux and molten iron has been derived as 7.5×10 -6 cm·s -1 , which is reasonable for mass transfer rate constant.
• Addition of reducing agents into mould flux is suggested to suppress iron oxide formation effectively.
